FAMILY OF DISCRETELY SIZED SLICON NANOP ARTICLES AND 
5 METHOD FOR PRODUCING THE SAME 

STATEMENT OF RELATED APPLICATION 

This application-^ a continuation-in-part of, and claims priority under 
35 U.S.C. §120 from, pending Nayfeh et al. United States Patent Application 
09/426,389, entitled SILICON NANOP ARTICLE AND METHOD FOR 
PRODUCING THE SAME, filed October 22, 1 999. . 

FIELD OF THE INVENTION 
The present invention generally concerns elemental silicon 

nanoparticles. 



10 BACKGROUND ART 

Silicon nanoparticles are an area of intense study. Nanoparticles that 
are below about 10 nm are of interest because the nanoparticles, when reduced to 
particular sizes not found in naturally occurring element silicon, exhibit properties 
unlike bulk silicon. Various techniques exist for producing silicon nanoparticles of 

15 random dimensions, and those processes sometimes produce silicon nanoparticles 
below 10 nm. 

United States Patent Application 09/426,389, entitled SILICON 
NANOP ARTICLE AND METHOD FOR PRODUCING THE SAME, incorporated 
by reference herein, discloses a method for producing quantities of uniformly sized 
20 lnm silicon nanoparticles. This ability to produce uniformly sized particles in 
quantity is an important advance in the state of the art. 
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SUMMARY OF INVENTION 
The invention is a family of discretely and uniformly sized silicon 
nanoparticles, including 1 (blue emitting), 1.67 (green emitting), 2.15 (yellow 
emitting), 2.9 (red emitting) and 3.7 nm (infrared emitting) nanoparticles, and a 
5 method that produces the. family. The nanoparticles produced by the method of the 
invention are highly uniform in size. A very small percentage of significantly 
larger particles are produced, and such larger particles are easily filtered out. 

The method for producing the silicon nanoparticles of the invention 
utilizes a gradual advancing electrochemical etch of bulk silicon, e.g., a silicon 

10 wafer. The etch is conducted with use of an appropriate intermediate or low etch 
current density. An optimal current density for producing the family is - 10 milli 
Ampere per square centimeter (10mA/cm 2 ). Higher current density favors lnm 
particles, and lower the larger particles. Blue (lnm) particles, if any appreciable 
quantity exist depending on the selected current density, may be removed by, for 

1 5 example, shaking or ultrasound. After the etch, the pulverized wafer is immersed 
in dilute HF for a short time, while the particles are still connected to the wafer, to 
weaken the linkages between the larger particles. This may be followed by 
separation of nanoparticles from the surface of the silicon. Once separated, various 
methods may be employed to form plural nanoparticles into crystals, films and 

20 other desirable forms. The nanoparticles may also be coated or doped. The 
invention produces the family of a discrete set of sized particles and not a 
continuous size distribution. 

Particles may be isolated from the family, i.e., it is possible to 
produce any one of the sizes of particles from the family after the basic method 

25 steps have been executed to produce the family of particles. The blue particles are 
preferably obtained prior to the HF immersion. Larger particles are obtained by 
additional procedures subsequent to the HF immersion. An isolation step is 
conducted to select a desired particle size from the family of particles after the 
above steps to produce the family of particle are conducted. According to a 
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preferred embodiment, isolation is accomplished using steps of centrifuging, 
course filtering, and acid treatment. This protocol is effective in isolating particles 
of a given size with a high degree of uniformity. Chromatography may be used to 
further isolate particles of a given size with a high degree of uniformity since the 
5 sizes are discrete and well separated. 

BRIEF DESCRIPTION OF THE DRAWING 

The FIGURE illustrates preferred method for producing silicon 
nanoparticles in accordance with the present invention. 

10 BEST MODE OF CARRYING OUT THE INVENTION 

A discretely and uniformly sized family of silicon nanoparticles are 
provided by the method of the invention. Execution of the basic method steps 
includes a gradual advancing electrochemical etch of bulk silicon with low- 
intermediate current density. A density of ~ 10 milli Ampere per square 

15 centimeter (10mA/cm 2 ) is optimal to produce the family. Higher current density 
favors Inm particles, and lower the larger particles. Blue (lnm) particles, if any 
appreciable quantity exist depending on the selected current density, may be 
removed by, for example, shaking or ultrasound. After the etch, the pulverized 
wafer is immersed in dilute HF for a short time, while the particles are still 

20 connected to the wafer, to weaken the linkages between the lager particles. This 
may be followed by separation of nanoparticles from the surface of the silicon. 
Once separated, various methods may be employed to form plural nanoparticles 
into crystals, films and other desirable forms. The nanoparticles may also be 
coated or doped. The invention produces the family of a discrete set of sized 

25 particles and not a continuous size distribution. The discrete sizes in the family of 
particles are 1 (blue emitting), 1.67 (green emitting), 2.15 (yellow emitting), 2.9 
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(red emitting) and 3.7 nm (infrared emitting) nanometer nanoparticles. The silicon 
nanoparticles may also be combined or reconstituted into crystals, solids, films, 
etc. 

The method for creating the elemental silicon,nanoparticle family of 
5 the invention is an electrochemical treatment which involves gradually advancing 
bulk silicon, e.g., a wafer, into a chemical etch bath at a low speed while etching is 
taking place, in the presence of an external current. A meniscus forms as a very 
thin slice of the silicon that is at the interface of etchant solution and air. The slow 
advance of the silicon creates a large section, which is meniscus-like. In effect, a 

1 0 traveling meniscus is created as the silicon material is gradually advanced into the 
etchant bath while electrical current is applied. At this point, any blue (lnm) 
particles may be removed by shaking, scraping, or, preferably, gentle ultrasound. 
After the etch (and any removal of blue particles), the pulverized wafer is 
immersed in dilute HF for a short time, e.g., about 1 minute, while the particles are 

1 5 still connected to the substrate to weaken the linkages between the lager particles. 
The overall process enriches the ultra small substructure of the material. 
Moreover, it makes the top skin of the silicon material extremely fragile. The 
ultra-small structures, which are silicon nanoparticles, may then be separated from 
the material and recovered. Our procedure, using the intermediate-low current 

20 densities and the dilute post HF immersion primarily produces the larger green, 
yellow, red and infrared nanoparticles of the present family. Further separation or 
filtering is effective in isolating particles of a given size with a high degree of 
uniformity 

A preferred embodiment of the method is illustrated in the FIGURE. 
25 The preferred embodiment uses a silicon single crystalline wafer 10, a platinum 
cathode 12 in the form of a sheet or a wire, HF acid, H 2 0 2 liquid, and other 
chemicals that might include methanol or water for an etchant bath 14. The 
preferred silicon wafers are (100) or (111) oriented, 1-10 ohm-cm resistivity, 
p-type boron-doped silicon. 
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The wafer 1 0 and the cathode 12 are connected to a constant current 
source 16 driven by a power source 18. The cathode 12 is vertically or 
horizontally immersed in the etchant. The silicon wafer 1 0 is gradually advanced. 
By way of example, it has been found that a speed of about 1 mm per hour 
5 produces good results. As the silicon wafer 10 is gradually immersed into the 
solution, at a distance from the cathode 12, a meniscus forms at the point where 
the silicon wafer 10 is interfaced with a surface 20 of the etchant bath 14. While 
advancing the wafer, the current is maintained. 

The current density will determine the sizes of particles formed. An 

1 0 optimal current density for forming the range of particles is - 1 0 milli Ampere per 
square centimeter (lOmA/cm 2 ). At that level, though, a very small percentage of 
the blue (lnm) particles will form. Raising the current density produces more 
lnm particles at the expense of larger particle production. For example, 20 
mA/cm 2 has been found to produce good results that favor production of lnm 

15 particles. Reducing current density to 10 mA/cm 2 produces the family of 
particles. Further reduction to 5 mA/cm 2 further favors larger particles. If the 
goal is to produce only lnm particles, then the current density is increased. At the 
higher current density, e.g., 20 mA/cm 2 , the most stable size is the 1 nm, the 
smallest stable size we have been abundantly producing. The procedure is 

20 straightforward and always leads to the monodispersed 1 nm. At the intermediate 
densities or low current densities, several larger sizes of particles (1.67, 2.15, 2.9, 
or 3.7 nm) result from the etching procedure, excluding (or including to a much 
lesser degree) the smallest 1 nm ones. The lnm particles, if any, are very 
tenuously connected to the silicon substrate and other particles, however the larger 

25 sizes have stronger linkages to each other and the substrate. Thus, following the 
etch and prior to the HF immersion it is possible to shake off those smallest ones 
(if any), e.g., by a gentle ultrasound, a shaking, or a scraping. At this point, the 
recovery method for the larger sizes diverges. After the etch, the pulverized wafer 
is immersed in dilute HF for a short time, e.g., about 1 minute, while the particles 
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are still connected to the substrate to weaken the linkages between the larger 
particles. The wafer is transferred to the liquid of choice, and ultrasound is used to 
shake the particles off, allowing them to be dispersed into the solution. At this 
point the solution then contains a mixture of the family of sizes excluding the 1 
5 nm. 

During etching of the bulk silicon, a magnetic stirrer maybe used to 
ensure that the chemicals of the etchant stay uniformly mixed. The meniscus 
travels along the silicon wafer 10 due to the gradual immersion and etches to 
create silicon nanoparticle structures on the top skin of the silicon material. By 

1 0 utilizing H 2 0 2 (as a catalyst), and significant current, a high etching rate is realized 
which produces films of interconnected substructure with much reduced sizes, 
approaching the limit of size. This favors 1 nm particle production. Reducing 
current to comparably low or intermediate amounts favors producing the family of 
larger particles. Moreover, the lateral anodization creates a high current 

15 concentration in the top skin of the silicon wafer 10, hence the high etching rate 
leading to the ultra-small nanoparticle structures, especially at the meniscus (air- 
liquid interface). Advancing the sample in the etchant slowly and uniformly 
results in a large area of the sample that is meniscus-like, hence enriching the ultra 
small nano substructure. 

20 As discussed, gentle removal techniques can separate the lnm 

particles immediately following the etch. The family of larger green, yellow, red 
and infrared silicon nanoparticles is then obtained by first separating the silicon 
wafer 1 0 from the etchant bath 14. The silicon wafer may be rinsed, for example, 
with methanol. The wafer is then immersed in dilute HF for a short time, while the 

25 particles are still connected to the substrate. The post treatment weakens the 
linkages between the larger particles. We then separate the silicon nanoparticles 
from the surface of the silicon wafer 10 by force, e.g. an ultrasound treatment. In a 
large scale production of nanoparticles, it may be preferable to drain or move the 
etchant bath as a manner of separating the etchant bath 14 and silicon wafer 10. 
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The silicon wafer 10 is then preferably immersed in an ultra sound acetone 
(ethanol, methanol or any other solvent) bath for a brief period of time. Under the 
ultra sound treatment, the very top layer of the silicon film on the wafer 10, a 
weakly interconnected luminescent nanostructure network, crumbles into the 
5 family of silicon nanoparticles to create a nanoparticle colloid. The colloid is 
stable as shown by the fact that it retains characteristic emission over weeks, 
indicating that the silicon nanoparticles are small enough to stay in suspension. 
Generally, any method which separates the silicon nanoparticles from the etched 
anode is suitable, but the solvent with breaking force supplied by ultrasound 

1 0 waves is preferred. Shaking, scraping or banging are exemplary, non-exhaustive, 
alternative techniques that may be used to break off the particles. The ultrasound 
appears to work best, though. 

Once a colloid of the larger green, yellow, red and infrared particles 
is obtained, these larger particles may also be isolated from each other by 

1 5 additional processing. In a preferred method of isolation, we centrifuge the mix of 
particles. The residue consists of the largest particles (red and infrared) in the mix. 
The smaller green/yellow particles stay in suspension in the liquid. The residue of 
the centrifuge will then be recovered and re-dissolved in fresh solvent and 
sonificated (to separate red and infrared from the residue). The largest red emitting 

20 particles will stay in suspension, while the residue (infrared) is discarded. A 
harsher solvent treatment and ultrasound may be conducted to obtain the largest 
infrared from the residue. The green particles may be isolated by additional 
sonification/or and the addition of a minute quantity (e.g., a drop of HF) acid with 
an ultrasound to break up the green from the yellow particles. The yellow 

25 particles are more difficult to separate from the green. Chromatography is best to 
accurately separate the yellow and green particles. Accordingly, the initial 
isolation process maybe followed by commercial Gel permeation chromatography 
to separate the yellow from the green ones further, if necessary, or to obtain 
additional accuracy in separate of the other particles, as well. The particles are 
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separated into vials each contains particles of uniform size, with near 90-100 % 
efficiency. 

A commercial method of isolating particles is chromatography. The 
commercial Gel permeation chromatography is also known as size exclusion 
5 chromatography is based on separation by size. There is no dependence on the 
molecular weight. The basic setup is a column that is packed with porous gel 
beads through which a solvent flows. The sample is injected into the solvent 
upstream of the column. The column is packed with gel beads, composed of a 
polymer, that have pores of various sizes on them. The smallest pores define the 

10 lower limit of sizes that the column can separate. Particles that are as small as or 
smaller than this lower limit have the largest fraction of pores available for them 
to diffuse into. The upper limit of size that can be separated is determined by the 
largest pore size in the beads. The gel does not trap anything larger. With a 
continuous distribution of pore sizes, separation is possible for all particles sizes 

1 5 between the upper and lower limits. The separation occurs due to the time delay in 
the particle's drift though the column caused by the particles being trapped in the 
pores. The larger the number of available pores, the slower the particles traverse 
the column, leading to a physical separation of particle sizes as a function of the 
time they exit the column resulting in a distribution of five discrete highly uniform 

20 size distributions. The mix is separated into vials each containing particles of 
uniform size with near 90- 1 00 % efficiency. 

What is left of the silicon wafer 1 0 can be recycled (used as a source 
for creating additional nanoparticles) two to three times or even more depending 
upon its thickness. This cuts the cost of the raw material. 

25 The silicon nanoparticles of the invention have good electronic, 

chemical and structural qualities. The preferred use of H2O2 as part of the etchant 
solution to produce the silicon nanoparticles provides a high quality hydrogen 
coating (termination or passivation), dominated by an ideal stretching mode with 
no di- or tri hydrides that act as nonradiative electronic traps. The high quality 
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coating fully protects the silicon particles from uncontrollable low quality post 
interactions in the ambient atmosphere that would generate nonradiative traps. 
Moreover, the preferred etchant leaves no oxygen on the particles. After the 
electrochemical etching process is complete, the hydrogen coating, however, can 
5 be replaced by a high quality oxide coating by post immersion in H 2 0 2 . This is 
due to the fact that the high quality nature of the hydrogen termination makes it 
possible for hydrogen to be substituted with an ultra thin high quality oxide 
termination. This is a self-limiting process that yields oxide layers of 4 A thick on 
bulk Si, with a trap density of less than 1/1 0 14 . The oxide coating provides 

1 0 additional protection and hardening against laser damage. The optical properties 
of the silicon nanoparticles are not compromised by such a high quality oxide 
termination (passivation). As to the chemical quality, H 2 0 2 is an oxidant which 
will remove nearly every kind of contamination (organic material, metals, 
alkalines, and metal hydroxides) from silicon surfaces by oxidative dissolution and 

15 complex formation. 

The silicon nanoparticles may be further processed by manipulation 
of their nanosurface. An oxide coating may be applied, for example, as discussed 
above. Immersion in H 2 0 2 , after the etching process is complete but either before 
or after the separation step will accomplish an oxide coating. Immersion for a 

20 sufficient time (45 minutes to an hour has been found suitable) allows H 2 0 2 to 
remove hydrogen coating produced by the etchant and replaces it with a high 
quality oxide coating, one monolayer thick with very little increase in size, and 
without appreciable reduction in blue emission efficiency of the nanoparticles. 

Alternative coatings are also possible. The silicon nanoparticles 

25 have application as an alternative markers to dyes used in biological applications 
since even a single particle can be detected due to its emissions in response to 
stimulations. In such biological applications, it may be desirable to coat the 
silicon nanoparticles with biological material. Such coatings can be chosen to 
selectively control their attachment to components within an organism, cell or to 
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biological molecules. 

Emission characteristics of the silicon nanoparticles of the invention 
may be tailored by doping to tune the emission bands. As an example, doping of 
lnm particles with aluminum shifts emission into the blue direction, whereas 
5 doping with erbium produces intense infrared radiation at 1 .54 |u.m. Doping may 
be accomplished by a slight alteration of the above described method for 
producing the silicon nanoparticles. Precursor salts that bear the dopant are 
prepared in an aqueous solution. Before separation of the silicon nanoparticles 
from the silicon anode 10, the etchant solution 14 is drained and replaced by the 

10 salt solution. Alternatively, the anode 10 may be removed and placed in the salt 
solution. Electrodes 10, 12 are then biased to draw the dopant ions towards the 
silicon wafer anode 10. The dopant may alternatively be implanted by ion 
bombardment. After deposition or ion implantation, the silicon wafer anode 10 is 
heat treated in an inert atmosphere to drive the dopant into the material. Once this 

15 is achieved, the doped silicon nanoparticles may be separated from the anode and 
collected, as described above. 

Molding of the silicon nanoparticles produces geometry of choice. 
A paste of individual silicon nanoparticles may be prepared. The silicon 
nanoparticles may also be placed in a matrix of choice to form a thin film, or 

20 molded in any geometry or shape, or they may be implanted in material mix 
during manufacturing as an invisible label. Precipitation of the colloid silicon 
nanoparticles from a volatile solvent such as acetone, ethanol or methanol can be 
used to prepare thin films or superlattices on a substrate of choice, such as device 
quality silicon used in electronic and electrooptic devices. Nanoparticle colloids 

25 may also be solidified by applying an electric field to the disordered fluid. Silicon 
nanoparticles take only milliseconds to form luminescent "pearl" chains. A few 
seconds later, the chains aggregate into blue luminescent columns. 

The emission characteristics of the undoped silicon nanoparticles of 
the invention are unlike those of bulk silicon, which is highly inefficient. Upon 
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irradiation with 355 nm UV radiation, emission from a 1 .0 nm silicon nanoparticle 
colloid of the invention is found to be dominated by an extremely strong deep blue 
band centered at 390 nm, with a structureless weak tail (690 - 490 nm), and a 
weak infrared band centered at 760 nm. On the other hand, when a 1.67 nm 
5 particle colloid is excited with 480 nm, intense green emission is observed. When 
a 2.9 nm particle colloid is excited by 540 nm radiation, intense red emission is 
observed. When a colloid of 3.7 nm particles are excited by UV at 365 nm, 
infrared radiation is observed. 

The excitation, that is the absorption monitored at a specific 

10 emission wavelength, was recorded (product of absorption and emission). The 
spectra were recorded on a photon counting spectro-fluorometer with a Xe arc 
lamp light source and 4 nm bandpass excitation and emission monochrometers, 
with suitable filtering and correction for spectral response. We mapped out the 
excitation of the mix of the discrete particle family in the range 250 nm and 800 

15 nm, while monitoring the emission in the range 400-700 nm. We used the 
mapping to identify the resonance excitation structure. A resonance structure was 
indicated at 3.44, 2.64, and 2.39, and 2.1 1 eV. This resonance structure produces 
emission bands with maxima at 410, 520, 570, and 600nm. According to quantum 
confinement models, the absorption and emission photon energies correlate with 

20 the size of particles. This absorption resonance can be associated with the 
HUMO-LUMO edge. Therefore, we pair the diameter values d (in nm) with 
excitation resonance Eg (in eV) as follows (d, Eg): (1.03, 3.44); (1.67, 2.64); 

(2.15, 2.39); and (2.9, 2.11). The fifth particle is (3.7, 1.79). 

Over time, 5 to 100 |im crystals have formed in colloids. Since 
25 organization or self-assembly (to produce crystals) requires uniform particles, we 
expect, upon crystallization, segregation according to size. Sample colloidal 
crystallites were placed on glass and back-illuminated with linearly polarized light 
from a mercury lamp and detected at crossed polarization to reject the excitation 
beam. Blue, green, yellow, red and infrared segregated crystals have been 
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observed, and may be associated with the discretely sized family of uniform 
particles according to the invention. Rotating the sample caused no change, 
confirming that the color dispersion is due to depolarized luminescence and not to 
birefringence. 

5 We determined the size of the particles by direct imaging using 

high-resolution transmission electron microscopy. A thin graphite grid was coated 
with the particles by immersion in the colloid and quickly transferred to the 
vacuum compartment of the transmission electron microscope. Results showed 
that particles are nearly spherical and classify into a small number of sizes. These 
10 include the 1 .0 (blue), 1 .67 (green), 2. 1 5 (yellow), 2.9 (red), and 3.7 (infrared) nm. 

While various embodiments of the present invention have been 
shown and described, it should be understood that other modifications, 
substitutions and alternatives are apparent to one of ordinary skill in the art. Such 
modifications, substitutions and alternatives can be made without departing from 
15 the spirit and scope of the invention, which should be determined from the 
appended claims. 

Various features of the invention are set forth in the appended 

claims. 
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